Low-energy (< 10 meV) feature in the nodal electron self-energy and strong temperature dependence of the Fermi velocity in Bi Using low-photon energy angle-resolved photoemission (ARPES), we study the low-energy dispersion along the nodal (π, π) direction in Bi2Sr2CaCu2O 8+δ (Bi2212) as a function of temperature. Less than 10 meV below the Fermi energy, the high-resolution data reveals a novel "kink"-like feature in the real part of the electron self-energy Σ that is distinct from the larger well-known kink roughly 70 meV below EF . This new kink is strongest below the superconducting critical temperature Tc and weakens substantially as the temperature is raised. A corollary of this finding is that the Fermi velocity vF , as measured over this energy range, varies rapidly with temperature -increasing by almost 30% from 70 to 110 K.
Angle-resolved photoemission spectroscopy (ARPES) is a direct and powerful probe of electrons and their interactions in solids and is an ideal tool for studying complex materials. Recently ARPES has accessed a new lowenergy photon regime that has substantially improved the technique's resolution, paving the way for several new discoveries [1, 2, 3, 4, 5, 6, 7] . In this Letter we employ low-energy photons to reveal a new interaction effect in Bi 2 Sr 2 CaCu 2 O 8+δ (Bi2212) -this one located less than 10 meV below E F . This feature, occurring in the electron self-energy Σ along the nodal (gapless) direction of the Fermi surface (FS), has a rapid onset as temperature is lowered past the superconducting critical temperature T c . Correspondingly, the Fermi velocity v F has a similar strong temperature dependence. While electron scattering rate measurements from ARPES have arguably hinted at the existence of this renormalization [7] , this is its first convincing and direct observation. The new feature may give insights into the physical underpinnings of high temperature superconductivity (HTSC) in layered cuprates.
High resolution has proved crucial to the identification of this new self-energy feature. As we will show, spectral broadening effects strongly impede attempts to reliably obtain band dispersions near E F at low temperatures. Compared to ARPES performed with traditional radiation sources (hν = 20-100 eV), low-energy photons (hν = 6-7 eV) from lasers and specially configured synchrotron beamlines provide improved momentum resolution and reduced extrinsic spectral broadening due to final state lifetime effects [1] . The light sources themselves also generally have ultrahigh energy resolution, typically reducing the total resolution of the ARPES experiment to well under 10 meV. Additionally, at these low energies the The horizontal dashed line is a single MDC, shown above, which is fit with a Lorentzian. The Lorentzian peak positions at each energy mark the band dispersion, which is overlaid on the ARPES spectrum. The inset is a schematic of the ARPES cut (dashed red line) along the nodal (π, π) direction in the first quadrant of the FS. Nodal alignment is verified by ARPES by scanning the perpendicular angle θ to study the FS geometry, band velocity, and gap size. As an example, the minimum of the change in gap size ∆ (b), agrees with the node as determined by FS geometry (θ = 0) to high precision (better than ±0.5
• ).
photoelectrons' mean free path is increased by a factor of 3-10, making ARPES more sensitive to bulk properties [1, 8] . As a result, laser-and low energy-ARPES have observed the sharpest spectra from the cuprates to date, representing the best attempts so far at obtaining the intrinsic spectral functions of these materials [1, 5] . In the present work, single crystals of optimally-doped Bi2212 (T c = 91-92 K) were studied using the laser-ARPES system at the University of Colorado [9] with photon energy hν = 6 -7 eV, as well as Beamline 5-4 at the Stanford Synchrotron Radiation Laboratory (SSRL) with hν = 7 eV. For the data shown here, total energy resolution ∆E (photon bandwidth and analyzer resolution) was about 4 meV full-width at half-maximum (FWHM). Samples were prepared as originally described in [1] . The complex electron self-energy contains information about all the interactions experienced by an electron. Here we study ReΣ, which corresponds to the difference between the observed electron dispersion and the "bare" dispersion that would exist if the system were non-interacting. The analysis process for measuring the band dispersion is illustrated in Fig. 1 . As has become the standard recently, we utilize momentum distribution curves (MDCs) -cuts through the ARPES spectrum at constant energies [10] . The Lorentzian peak locations at each energy are taken to mark the dispersion.
Studies of the fine details of the low-energy nodal spectra require unusual alignment accuracy, because the presence of even a small excitation gap can have a profound effect on the near-E F dispersion. In addition to the usual method using Laue diffraction for azimuthal sample orientation, we took special care to spectroscopically ensure that the dispersions studied were as close to nodal as possible. Using ARPES, we examined the FS geometry, band velocities, and superconducting gap near the node as a function of the angle θ perpendicular to the ARPES cut [inset of Fig. 1(a) ]. For example, Fig. 1(b) shows the relative shift in energy of the spectral weight edge (an approximation of the superconducting gap) as a function of θ. The gap minimum agrees with the location of the node determined by the FS geometry to within ±0.5
• (±0.007Å −1 at hν = 7 eV). Based on our studies of the k-integrated spectral weights as a function of energy, the maximal gapping of the "nodal" spectra is less than 1 meV -an energy scale insignificant compared to the scale relevant to this work (E − E F < ∼ −5 meV). Typically MDC fitting results are taken at face value. While this is acceptable for most energies, in the immediate vicinity of an energetically sharp shift in spectral weight (e.g., near E F ), MDC analysis will not yield fully accurate dispersion data if the width of the energy resolution is greater than or comparable to the width of the spectral transition [11] . For the very fine-scale data near the Fermi energy discussed here, this is an automatic concern and highlights the clear benefit of ultrahighresolution low-photon energy ARPES. With that said, for simplicity's sake, we will first demonstrate the existence and behavior of the sub-10-meV self-energy feature using only raw data. Later on we will turn to the more complicated task of considering the role of instrumental energy resolution. The analysis will show that when such effects are taken into account, the case for the sub-10-meV kink is even more robust, with the Fermi velocity varying dramatically and essentially monotonically over the full temperature range studied. Figure 2 (a) illustrates the temperature behavior of the nodal dispersion. The dashed line connecting two pivot points on the dispersion is taken to be the "bare" band, which is subtracted from the measured dispersion in order to calculate ReΣ. There is still no agreed-upon method for obtaining the bare band from the data, and the dashed line of Fig. 2(a) is almost certainly not the true non-interacting dispersion. However, it is sufficient to take such an ad hoc bare dispersion in order to qualitatively assess key features of ReΣ, as seen in Fig. 2(b) . The most prominent aspect of the self-energy data presented here is, of course, the well-known "70-meV kink" [12, 13, 14, 15, 16] . In addition to the 70-meV kink, however, a novel bend or kink-like feature is visible at low temperature, located less than 10 meV below E F (arrow). This feature is especially evident if one looks at the change in ReΣ from 130 to 70 K [shown in the upper portion of Fig. 2(b) ].
The temperature evolution of the low-energy kink has a direct and dramatic effect on the nodal Fermi velocity. Figure 2 Due to the energy resolution of the ARPES experiment, MDC-derived dispersion points near the Fermi energy are deflected to lower momentum. Simulated ARPES spectra show that this effect strengthens either (a) as the temperature is decreased at a given resolution or (b) as the resolution function is broadened at a given temperature. Based on 2D RL deconvolution of the spectra, the upturn in vF seen in the raw data of Fig. 2(c) below about 50 K is found to be attributable to resolution effects; the Fermi velocity continues to decrease below this temperature (c). The "kink strength" of the lowenergy dispersion feature (d) may be quantified as the ratio of the dispersion velocities above and below the featurei.e., v20/vF . By this measure, kink strength increases sharply below ∼100 K. This temperature dependence is reflected in the change in ReΣ (of the deconvolved spectra) relative to its value at 130K (e).
relative to E F ) is also shown. Compared to v 20 , whose temperature dependence is ostensibly dominated by that of the 70-meV kink, v F varies quite dramatically as a function of temperature.
It is crucial to note that the upturn in v F below approximately 50 K is an artifact of resolution effects, and in actuality we will show the Fermi velocity continues to decrease as the temperature is lowered well below 50 K. As mentioned previously, at low temperatures and very near E F , energy resolution broadening causes the MDC peaks of a dispersive band to deflect to lower momenta [11] the opposite direction of the observed kink. Hence the energy resolution weakens the appearance of this self-energy feature at low temperatures. The effect is illustrated in Fig. 3(a) and (b) . Ungapped ARPES spectra were simulated with a linear dispersion through E F using realistic parameters for nodal data [32] and then convolved with Gaussian resolution functions. Lorentzian fits to the resulting simulated MDCs were then performed in the standard way. The simulations demonstrate that, compared to the intrinsic dispersion, the MDC peaks near E F will be deflected to lower momentum, ultimately causing the measured Fermi velocity to be greater than the true v F . The effect becomes more significant as either the temperature is decreased or the resolution function is broadened.
This non-intuitive result originates simply enough. EDCs whose peaks lie just below E F carry significantly more spectral weight than those whose peaks lie just above the Fermi level. When broadened by convolution with a sufficiently wide energy resolution function (∆E > ∼ T ), EDCs centered below E F contribute a disproportionate amount of spectral weight to states above E F . The redistribution of weight from lower on the band artificially shifts the peaks of MDCs above E F to lower momenta. Note that momentum resolution does not have an effect on MDC fitting, since there is no sharp transition in spectral weight along the momentum axis for a constant energy spectrum [although there is one for the energy-integrated spectrum n(k)].
To better study the true, underlying behavior of v F (T ), we have removed the effects of energy resolution by performing a two-dimensional (2D) Richardson-Lucy (RL) deconvolution [17, 18, 19] . We have found this technique to be successful in correcting the dispersion, though at the expense of adding some small ripple. The technique has been validated based on simulations such as those in Fig. 3(a) and (b) , which agree well with the results of the deconvolution. The band velocities v F and v 20 found from the deconvolved spectra are shown in Fig. 3(c) . There is little effect on the observed v F until the temperature drops below about 50 K. Meanwhile the effect on the deeper band velocity v 20 is essentially negligible at all temperatures. The results show that not only is the temperature dependence of v F quite dramatic in comparison to v 20 (as was already evident from the raw data), but that it also appears to be monotonic with a strong step in the velocity occurring near T c . Similarly, the low energy "kink strength" defined as the ratio v 20 /v F , strengthens sharply below ∼100 K and possibly saturates somewhat below ∼70 K [ Fig. 3(d) ]. This behavior is evident in the self-energies of the deconvolved spectra. Figure 3(e) shows the change in ReΣ from its value at 130 K. Here again the new low-energy feature (arrow) rises quickly as the temperature drops through 90 K and appears to level off at lower temperatures. The main 70-meV peak, however, continues to grow as the temperature is lowered down to 10 K.
The origin of the sub-10-meV kink should be of great interest, because the temperature dependence of this feature suggests that it may be associated with superconductivity. As has been suggested for the 70-meV kink, the sub-10-meV kink could arise from coupling to a bosonic mode (e.g., a magnetic resonance or a phonon) or, as will be discussed, other possibilities may exist as well.
One group has recently claimed that there is an offnodal dispersion renormalization ∼20 meV below E F in La 1.85 Sr 0.15 CuO 4 (LSCO) [20, 21] , which the authors speculate is associated with an incommensurate magnetic resonance near 9 meV seen in inelastic neutron scattering (INS) data [22] . However, rather than being an isolated, sharp mode, the 9-meV resonance may belong to an incommensurate magnetic resonance branch that disperses over a broad energy range [23] , and hence it is not clear that the well-defined low-energy renormalization along the node should be attributed to a magnetic resonance.
Theoretical calculations have routinely predicted a sizable, distinct peak in the phonon density of states near or below 10 meV in cuprate superconductors [24, 25, 26] . Moreover, various experimental studies of the cuprates have observed phonons near or below 10 meV attributable to c-axis longitudinal and transverse optical modes [27] , as well as in-plane transverse optical and acoustic phonons with very low-lying dispersions [28, 29] . However, if phonons are responsible for the renormalization, this implies scattering between near-nodal electron states, since most of the states away from the node at the relevant energy scale (< 10 meV below E F ) are eliminated below T c due to the d-wave superconducting gap. This contrasts with the 70-meV kink in the selfenergy, which lies beyond the gap energy, and therefore, if due to electron-phonon interactions, may couple states over a broad momentum space. Whether or not electronphonon coupling at either energy might support or oppose superconductivity remains to be seen.
It is worthwhile to consider alternatives to the electronboson coupling paradigm. Chubukov and Eremin have recently claimed that the observed temperature scaling of v F is more-or-less consistent with non-analytic corrections to Fermi liquid theory in 2D [30] . They claim that the form and size of the low-energy feature are roughly what is expected from the theory.
The observed sub-10-meV feature might also be consistent with the theory of a marginal Fermi liquid (MFL) [31] applied to the superconducting state. An MFL is characterized by ImΣ ∝ max(|ω|, T ). The discontinuity at |ω| = T is merely an ansatz, and in reality one should expect a smooth crossover in the behavior of ImΣ at some very low energy related to T . The KramersKronig transformation of such a crossover might give rise to a low-energy kink similar to what has been observed here. The data suggests that the location of the kink does not vary with temperature, which argues against the MFL theory. However, given the subtlety of the feature and the difficulty of extracting it from the data, it is hard to definitively rule out MFL behavior.
In conclusion, a new electron self-energy feature has been observed at extremely low energy along the superconducting node in Bi2212. This kink-like feature lies less than 10 meV below E F . It is visible at temperatures below T c and weakens rapidly at higher temperatures. Associated with this feature, the Fermi velocity scales substantially -increasing by roughly 30% from 70 to 110 K. The temperature dependence of the feature suggests a possible role in superconductivity, although it is unclear at this time what mechanism(s) may lead to this low-energy renormalization.
